Many strains of Bacillus are known to produce lipopeptides with remarkable surface-active properties (11) . The most prominent of these powerful lipopeptides is surfactin from Bacillus subtilis (1) . Surfactin is an acylated cyclic heptapeptide that reduces the surface tension of water from 72 to 27 mN m Ϫ1 even in a concentration below 0.05% and shows some antibacterial and antifungal activities (1) . Some B. subtilis strains are also known to produce other, structurally related lipoheptapeptides (Table 1) , like iturin (32, 34) and bacillomycin (3, 27, 30) , or the lipodecapeptides fengycin (50) and plipastatin (29) .
In addition to B. subtilis, several strains of Bacillus licheniformis have been described as producing the lipopeptide lichenysin (14, 17, 23, 26, 51) . Lichenysins can be grouped under the general sequence L-Glx-L-Leu-D-Leu-L-Val-L-Asx-D-Leu-LIle/Leu/Val ( Table 1 ). The first amino acid is connected to a ␤-hydroxyl fatty acid, and the carboxy-terminal amino acid forms a lactone ring to the ␤-OH group of the lipophilic part of the molecule. In contrast to the lipopeptide surfactin, lichenysins seem to be synthesized during growth under aerobic and anaerobic conditions (16, 51) . The isolation of lichenysins from cells growing on liquid mineral salt medium on glucose or sucrose basic has been studied intensively. Antimicrobial properties and the ability to reduce the surface tension of water have also been described (14, 17, 26, 51) . The structural elucidation of the compounds revealed slight differences, depending on the producer strain. Various distributions of branched and linear fatty acid moieties of diverse lengths and amino acid variations in three defined positions have been identified (Table 1) .
In contrast to the well-defined methods for isolation and structural characterization of lichenysins, little is known about the biosynthetic mechanisms of lichenysin production. The structural similarity of lichenysins and surfactin suggests that the peptide moiety is produced nonribosomally by multifunctional peptide synthetases (7, 13, 25, 49, 53) . Peptide synthetases from bacterial and fungal sources describe an alternative route in peptide bond formation in addition to the ubiquitous ribosomal pathway. Here, large multienzyme complexes affect the ordered recognition, activation, and linking of amino acids by utilizing the thiotemplate mechanism (19, 24, 25) . According to this model, peptide synthetases activate their substrate amino acids as aminoacyl adenylates by ATP hydrolysis. These unstable intermediates are subsequently transferred to a covalently enzyme-bound 4Ј-phosphopantetheinyl cofactor as thioesters. The thioesterified amino acids are then integrated into the peptide product through a stepwise elongation by a series of transpeptidations directed from the amino terminals to the carboxy terminals. Peptide synthetases have not only awakened interest because of their mechanistic features; many of the nonribosomally processed peptide products also possess important biological and medical properties.
In this report we describe the identification and characterization of a putative lichenysin biosynthesis operon from B. licheniformis ATCC 10716. Cloning and sequencing of the entire lic operon (26.6 kb) revealed three genes, licA, licB, and licC, with structural patterns common to peptide synthetases and a gene designated licTE, which codes for a putative thioesterase. The modular organization of the sequenced genes resembles the requirements for the biosynthesis of the heptapeptide lichenysin. Based on the arrangement of the seven identified modules and the tested substrate specificities, we propose that the identified genes are involved in the nonribosomal synthesis of the portion of the lichenysin peptide with the primary sequence L-Gln-L-Leu-D-Leu-L-Val-L-Asp-DLeu-L-Ile (with minor Val and Leu substitutions).
MATERIALS AND METHODS
Bacterial strains and growth conditions. B. licheniformis ATCC 10716 was maintained on agar plates of sporulation medium DSM (Difco, Detroit, Mich.) and grown in rich medium 2xYT (37) at 37°C for DNA isolation procedures. Escherichia coli XL1 Blue (Stratagene, Heidelberg, Germany) was used for the preparation of recombinant plasmids. E. coli XL1 Blue MRA(P2) was used as the host for the -EMBL3 genomic library and the preparation of phages.
Overexpression of recombinant proteins was carried out in E. coli M15 (Qiagen, Hilden, Germany).
Transformation of E. coli and DNA manipulations. Standard genetic techniques for in vitro DNA manipulations, cloning, and transformation of competent E. coli cells were used (37) . Total DNA from B. licheniformis was obtained by lysozyme treatment and phenol-chloroform extraction (8) . For the construction of a -EMBL3 genomic library (Stratagene), chromosomal DNA of B. licheniformis ATCC 10716 was partially digested with Sau3AI and size fractionated in 15 to 40% (wt/vol) NaCl gradients. The fractions containing DNA fragments of 13 to 22 kb were pooled and ligated to -EMBL3 arms digested with BamHI. In vitro packaging was performed with Gigapack III Gold (Stratagene). For Southern blotting and plaque filter hybridization, the ECL random prime labeling and detection system (Amersham/Buchler, Braunschweig, Germany) and positively charged nylon membranes (Amersham/Buchler) were used according to the manufacturer's protocol.
Identification, cloning, and sequencing of the lic operon. For the identification of the lichenysin synthetase genes a previously described PCR method (48) with degenerate primers derived from core sequences T and A7 of peptide synthetases (25) was performed. The sequences of the degenerate oligonucleotides used were as follows (the nucleotides in parentheses are degenerate): oligo-TGD, 5Ј-T(AT)(CT) CGI ACI GGI GA(TC) (CT)(TG)I G(TG)I CG-3Ј, and oligo-LGG, 5Ј-A(TA)I GA(GA) (TG)(CG)I CCI CCI (GA)(GA)(GC) I(AC)(AG) AA(GA) AA-3Ј. (All primers used in this study were synthesized by MWG Biotech [Ebersberg, Germany].) Variation of the annealing temperature in a range between 40 and 60°C yielded a set of different fragments, which were isolated and sequenced. The derived amino acid sequence of the DNA fragment PCR01 ( 
a FA, ␤-hydroxy fatty acid. The ␤-hydroxy group forms an ester bond with the carboxy group of the C-terminal amino acid. b FA, ␤-hydroxy fatty acid. The ␤-hydroxy group forms an ester bond with the carboxy group of Asp5. c FA, ␤-amino fatty acid. The ␤-amino group forms a peptide bond with the carboxy group of the C-terminal amino acid. d Only the following combinations of amino acid 1 and 5 are allowed: Gln-Asp or Glu-Asn. e Where an alternative amino acid may be present in a structure, the alternative is also presented. A total of ca. 8,000 plaques were screened, with approximately 500 plaques per agar plate (8.5-cm diameter). Positive phage clone -A11.1 ( Fig. 1) was isolated, and its DNA insert was mapped and subcloned in pBluescript SK(Ϫ) by using SalI and EcoRI. Sequencing of the double-stranded pBluescript plasmids was performed with standard universal SK primers and walking primers derived from the determined sequences. Small gaps between the subclones were filled by PCR amplification and sequencing of the product or by sequencing of the DNA template. In a second round of screening, using a 5Ј-terminal fragment of the -A11.1 insert, among others, as a probe the phage clone -C8.1 was isolated. The insert of this phage was also subcloned and sequenced in the same way as -A11.1.
Sequencing reactions were carried out by the chain termination method (38) with dye-labeled dideoxy terminators from the PRISM Ready Reaction DyeDeoxy Terminator cycle sequencing kit with AmpliTaq FS polymerase (Applied Biosystems) according to the manufacturer's protocol and were analyzed on the ABI 310 genetic analyzer.
Amplification and cloning of gene regions corresponding to adenylation domains. PCR techniques with the Expand long-range PCR system (Boehringer, Mannheim, Germany) were used for amplifying the first (LicA1-A), fifth (LicB2-A), and seventh (LicC-A) adenylation domains (25) of the lic operon from B. licheniformis DNA. We used 5Ј-modified primers to generate terminal restriction sites for subsequent cloning into the pQE60/70 His 6 -tagged cloning vector (Qiagen). The sequences of the oligonucleotides used were as follows (modified restriction sites are italicized; restriction sites are in boldface): licA1-5ЈNcoI, 5Ј-ATT CCA TGG AGA TTG TTC CCG CTT TT-3Ј; licA1-3ЈBamHI, 5Ј-TAT GGA TCC ATA TTC ATT TCT CGG TGC-3Ј; licB2-5ЈSphI; 5Ј-ATT GCA TGC TTT CAG TCA AAG AGC G-3Ј; licB2-3ЈBamHI, 5Ј-ATT GGA TCC GCA GAG GGC TTT TTC-3Ј; licC-5ЈSphI, 5Ј-TAA GCA TGC AGC CGC TTG ACG ACA T-3Ј; and licC-3Ј BamHI, 5Ј-TAA GGA TCC GAG AAC CTC AGA CCA A-3Ј. For verifying the correct insertion of the DNA fragments into previously digested pQE70 (SphI/BamHI) and pQE60 (NcoI/BamHI), the fusion sites between the vector and the inserts were examined by sequencing with the following primers: 5Ј promoter, 5Ј-GGC GTA TCA CGA GGC CC-3Ј, and 3Ј terminator, 5Ј-ACG CCC GGC GGC AAC CG-3Ј.
Expression and purification of the three His 6 -tagged adenylation domains. The recombinant pQE derivatives designated pQE-LicA1-A, pQE-LicB2-A, and pQE-LicC-A were transformed in E. coli M15(pREP4) and expressed as previously described (42) , except that the cells were induced with 0.5 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) at an A 600 of 0.7 and allowed to grow for an additional 1.5 h before being harvested. Purification of the His 6 -tagged proteins LicA1-A, LicB2-A, and LicC-A was performed after breaking the cells by three passages through a French press with Ni 2ϩ affinity chromatography as described previously (42) . The expression and purification of the recombinant proteins were checked by Coomassie brilliant blue-stained sodium dodecyl sulfate (SDS)-polyacrylamide gels. The concentrations of the purified proteins were determined by a Bradford test (4).
ATP-PP i exchange. In order to determine the substrate specificities of the purified proteins, amino acid-specific ATP-PP i exchanges were assayed as previously described (42) , with minor modifications. The assay mixture contained 0.4 mM amino acid, 4 mM ATP, and 200 nM enzyme in buffer A (2 mM MgCl 2 , 2 mM dithiothreitol, and 50 mM sodium phosphate, pH 8.0). Exchange was initiated by the addition of 0.15 Ci of sodium [ 32 P]pyrophosphate (to 1 mM) in a total volume of 0.1 ml. For kinetic experiments, the concentration of ATP (0.2 to 4 mM) or amino acid (0.02 to 6 mM) was varied. After incubation at 37°C for 10 min, the reaction was stopped by the addition of 0.5 ml of terminaton mix (100 mM sodium pyrophosphate, 560 mM HClO 4 , and 1.2% [wt/vol] activated charcoal). The charcoal was pelleted by centrifugation, washed once with 1 ml of H 2 O, resuspended in 0.5 ml of H 2 O, and added to a scintillation vial containing 4.0 ml of scintillation fluid, and the bound radioactivity was determined by liquid scintillation counting.
Nucleotide sequence accession number. The nucleotide sequences (28,798 bp) from B. licheniformis ATCC 10716 described in this paper have been submitted to GenBank under accession no. U95370.
RESULTS
Cloning and sequencing of the lic operon. A recently reported PCR method for the identification of peptide synthetase genes (48) was performed. Using degenerate oligonucleotide primers derived from the core sequences A7 (TGD) and T (LGGxSI) of peptide synthetase LGGxSI (25), a DNA fragment, designated PCR01, was PCR amplified from the chromosome of B. licheniformis ATCC 10716. The sequencing of this fragment resulted in the identification of the internal core sequences A8 to A10 (25) , which are characteristic of peptide synthetases and thus indicate that PCR01 represents part of a peptide synthetase gene. In order to clone the complete identified gene, we constructed a -EMBL3 genomic library of B. licheniformis ATCC 10716 and screened it with the PCR01 fragment as a probe. Eleven phage clones hybridizing with the probe were isolated. One of them, designated -A11.1 (Fig.  1D) , was further investigated. The 20.2-kb insert of -A11.1 was mapped and subcloned into pBluescript SK(Ϫ) with the restriction enzymes EcoRI and SalI. By terminal sequencing of the generated subclones, it was shown that the entire 5Ј part of the -A11.1 insert DNA has homology with peptide synthetase genes whereas the 3Ј part is not homologous. To identify the remaining part of the peptide synthetase gene, an additional step of chromosomal walking was performed. A 5Ј-terminal restriction fragment of the -A11.1 insert was used as a probe for the screening of the -EMBL3 genomic library (Fig. 1D) . Twenty-one phages reacting with this probe were isolated. The inserts of the isolated phages were mapped and analyzed by Southern hybridization. One clone named -C8.1 (13.8-kb insert), which showed only a short terminal overlap with -A11.1, was subcloned into pBluescript SK(Ϫ) by using EcoRI and SalI. The terminal sequencing of the subclones showed that this phage contained a 5Ј-terminal region lacking homology with peptide synthetase genes, thus indicating that the entire peptide synthetase gene was cloned. Altogether, the two phages A11.1 and C8.1 span a continuous region of 28.8 kb.
The complete nucleotide sequences of the generated subclones were determined. Remaining gaps between the subclones were closed by PCR amplification from chromosomal DNA. In all, 28,798 bp of B. licheniformis ATCC 10716 were sequenced, showing a typical GC content of about 50%.
The lic operon includes three peptide synthetase genes, licA, licB, and licC. Within the investigated sequence three large open reading frames (ORFs) with the same transcriptional direction were identified. The first ORF, designated licA and 10,746 bp in length, codes for a protein of 3,582 amino acids with a predicted mass of 402,623 Da. The second ORF, licB, with 10,764 bp, codes for a protein of approximately the same size (3,588 amino acid; 403,872 Da). The third large ORF (3,864 bp), named licC, codes for a protein of 1,288 amino acids with a predicted mass of 144,919 Da. These three ORFs span a continuous region 25,439 bp in length. We suggest that the translation of licA starts with the ATG codon at nucleotide 462, which is located 9 bp downstream of a putative ribosomal binding site (AGGAGG). Between nucleotides 315 to 323 and 335 to 340, we identified the putative promoter regions Ϫ35 (TCTTTTCTT) and Ϫ10 (TATAAT). Based on our knowledge of other genes coding for peptide synthetases, it is likely that these genes are organized in an operon (25) : all three genes are in the same transcriptional direction, and the distances between the translational stops and starts for licA-licB and licB-licC are obviously not more than 19 and 38 bp, respectively. Thus, we designated a site 6 bp downstream of a putative ribosomal binding site (ACGAGG) at nucleotide 11,230 as the translational start of licB and a site 7 bp downstream of an AGCGGG sequence at nucleotide 22,035 as the start of licC.
By detailed sequence analysis of the deduced amino acid sequence, three modules typical of peptide synthetases were identified within licA. The modules, each containing an adenylation (A) domain and a thioester-binding (T) domain, are linked by two condensation (C) domains (25) . Additionally, a condensation domain in front of the first module and an epimerization (E) domain attached to the C-terminal end of the third module were detected. The analysis of licB showed that it has exactly the same domain organization as licA. The predicted translational product of licC is composed of one AT domain and a N-terminal C domain. Sequence motifs of approximately 250 amino acid residues typical of thioesteraselike proteins could be detected at the C-terminal end of this protein, indicating that it may serve as a terminator in nonribosomal peptide synthesis (9, 25, 39) . Taken together, the three genes licA to -C represent a seven-module peptide synthetase system that presumably will incorporate D-amino acids in the third and sixth positions of the product heptapeptide. These findings are in perfect agreement with the primary structure of lichenysins (Table 1) . Also, the existence of a further C domain in front of the first module, possibly serving as an acceptor for a fatty acid, as in the case of surfactin, supports the point of view that the identified genes are coding for the lichenysin synthetases.
Homology searches by databank alignment revealed that the DNA sequence of licA is about 98% identical to a sequence submitted to the GenBank database under accession no. Y10550 and, in part, X94148 (Table 2 ). This sequence was obtained from the lichenysin A-producing strain B. licheniformis BNP29 (53) and is described as a putative lichenysin synthetase subunit I gene, lchAA. This high percentage of identity clearly shows that the genes licA and lchAA, with minor strain-specific alterations, are identical. The second-highest overall quota of homology (Table 2) for licA to -C was found with the surfactin synthetase genes srfA-A to -C of B. subtilis ATCC 21332 (GenBank accession no. X70356) (7). Surfactin of B. subtilis and lichenysins of B. licheniformis contain a very homologous (in the case of lichenysin B, an identical) peptide part (Table 1) . Therefore, it can be expected that the biosyntheses of both substances follow similar pathways. The modular organization found in the surfactin synthetases SrfA-A to -C (7) is completely identical with the synthetases LicA to -C reported here. Indeed, not only do the number of modules and the organization of the domains reflect those of the surfactin synthetases, even the single domains of lic show the highest homology to the corresponding domains of SrfA (ϳ60% identity). This similarity reflects the homology previously found among some domains of the grs and tyc operons (28) . Among themselves and in comparison to peptide synthetase domains of other origin (i.e., gramicidin, tyrocidine, and bacitracin synthetases), the domains show an identity of approximately 50% (data not shown). Particularly striking is a more than 93% identity of the third AT domain of the first synthetase (licA3) to the third AT domain of the second synthetase (licB3). Again, these findings resemble the analogous 96% identity found between srfA3 and srfB3. These data strongly support the predictions that (i) the genes licA to -C are involved in the nonribosomal biosynthesis of lichenysin and (ii) the genes for lichenysin synthetases of B. licheniformis and surfactin synthetases of B. subtilis may have the same evolutionary origin.
Additional ORFs identified in the 3 region of licC. Within a downstream region of licC comprising 2,897 bp we detected two additional genes and the 5Ј region of a third ORF. Only 4 bp downstream of the translational stop codon of licC, a putative start codon of a 771-bp ORF was identified. The predicted gene product encodes a protein of 257 amino acid residues that has a mass of 28.7 kDa. Database alignments of this gene product showed 71% identity to the external thioesteraselike protein found in the corresponding region of the srfA operon of B. subtilis (SrfTE) (7) and 40 to 45% identity to analogous proteins found in connection with other peptide synthetases (GrsT, TycF, etc.) (21, 28) . Therefore, we designated this gene licTE (ORF4).
At 958 bp downstream of the translational stop of licTE and in the opposite transcriptional direction, a putative start codon of the second ORF (ORF5) was identified. This gene of 1,032 bp, which overlaps in part with licTE, codes for a protein of 344 amino acid residues (37.8 kDa) and shows the highest homology to ORF7 in the srfA4-sfp intergenic region of B. subtilis (7) . The third ORF (ORF6) starts 107 bp upstream of ORF5 and shows no translational stop codon in the remaining 1,055 bp. The derived protein sequence shares the highest homology with ORF8 in the srfA4-sfp intergenic region (7) .
Even though the last two genes were also found within the 3Ј region of the srfA operon and show the highest similarity to each other, the order of the genes in lic and srfA 3Ј regions is different. No analogues to the srfA4-sfp intergenic region's ORF6 and -7 could be detected. The lack of an ORF7 analogue in particular might be surprising, because it has been suggested that the srfA4-sfp intergenic region ORF6 and ORF7 form an unusual transcriptional response regulator pair (7, 35) .
Amplification, expression, and substrate specificity of three A domains from licA, licB, and licC. Via PCR techniques we amplified DNA fragments from chromosomal DNA of B. licheniformis ATCC 10716 corresponding to the adenylation domains of LicA1, LicB2, and LicC (Fig. 1E) . The fragments, of approximately 1,500 bp, were cloned into pQE expression vectors (see Materials and Methods). Almost completely soluble protein fragments were obtained, using the defined adenylation domain borders first described by Mootz and Marahiel (28) . For this approach, the N-terminal ends of LicA1-A, LicB2-A, and LicC-A domain fragments 97, 94, and 102 amino acids in front of core sequence A2 (L/MKA/SGG), respectively, were chosen (25) . We chose the C-terminal ends (in the same order) 30, 24, and 18 amino acids in front of core sequence T (I/LGGHS) (25) . After expression in E. coli, the proteins LicA1-A, LicB2-A, and LicC-A were visualized by SDS-polyacrylamide gel electrophoresis by comparison of whole E. coli protein extracts before and 1.5 h after induction with IPTG (Fig. 2) . Purification on Ni 2ϩ -chelate affinity chromatography confirmed the presence of the recombinant His 6 -tagged proteins, whose observed mass (60 to 70 kDa) is in good agreement with the calculated masses. The purified protein fractions were applied to amino acid-dependent ATP-PP i exchange assays with all 20 proteinogenic amino acids plus LOrn, D-Asp, and one control without amino acids. The results of these experiments as presented in Fig. 3 clearly revealed that LicA1-A activates L-Gln, LicB2-A activates L-Asp, and LicC-A activates L-Ile. If the highest activation for each domain protein was defined as 100%, the measured background level of the control reaction without amino acids was found to be 0.1%. With LicC-A a comparatively high side preference for L-Val (30%) and L-Leu (30%) could be detected. LicA1-A and LicB2-A showed only small side preferences (1% of the specific amino acid) for L-Ala, L-Met, and L-Trp and L-Asn, L-Ile, and L-Val, respectively.
The quantitative affinities of the proteins to their substrate ATP and the cognate amino acid (for LicC-A, also L-Leu and L-Val) were determined by measurement of the K m values ( Table 3) . The values range from 0.3 to 3 mM for the amino acid and from 0.1 to 6 mM for ATP. For LicC-A, the higher K m values obtained for L-Leu and L-Val were in good agreement with the quantitative results. With the exception of the observed ATP K m value for LicA1-A, which seems surprisingly high, the other data are in the same range as already reported for other wild-type peptide synthetases as well as recombinant peptide synthetase fragments (10, 18, 28, 36, 42) . Based on the already demonstrated functional integrity of recombinant peptide synthetase domains (28, 42) , the determined substrate specificity for LicA1-A, LicB2-A, and LicC-A let us conclude that the first, fifth, and seventh positions within the product peptide processed by the seven-module peptide synthetases LicA, LicB, and LicC are L-Gln(1), L-Asp(5), and L-Ile(7), with minor L-Leu and L-Val substitutions in the Cterminal positions.
DISCUSSION
We have cloned and characterized a lichenysin (lic) biosynthesis operon of B. licheniformis ATCC 10716 and a 2.1-kb region downstream of this operon in which a minimum of two ORFs can be detected. The lic operon is composed of three peptide synthetase genes, licA to -C, and a gene, licTE, coding for a protein homologous to SrfA-TE (7), GrsT (21) , and TycF (28) . We therefore anticipate that licTE codes for a thioesterase of uncertain function that was found to be associated with several bacterial operons encoding peptide synthetases (25, 39) . Downstream of the lic operon and in the opposite transcriptional direction we identified an ORF, designated ORF5, coding for a protein which shows a significant homology to transmembrane proteins. An analogous gene, whose product is thought to act as a sensor protein in a two-component regulatory system (7), was found in the 3Ј region of the srfA operon (srfA-ORF7). A second ORF (ORF6), upstream of ORF5 and with the same direction of transcription as the lic operon, shows homology to proteins of the helix-turn-helix type and is most similar to the GNTR family of transcriptional regulators (43) .
By thorough sequence analysis, seven modules typical of peptide synthetases (25) could be identified within the characterized genes licA to -C. Attached to the last module, a thioesterase (TE) domain was detected, which in all bacterial peptide synthetase systems identified so far is found exclusively associated with the module responsible for the activation and incorporation of the last amino acid into the product peptide (25) . Furthermore, we found an E domain attached to the third and sixth modules, which presumably catalyze the incorporation of a D-amino acid into the peptide product. In front of the first module of LicA, an additional C domain is located, indicating that the first amino acid could be acylated. In more detailed sequence alignments it can be shown that this first C domain of LicA has only around 20% identity with the remaining six C domains of LicA, -B, and -C, which show approximately 40% identity to each other. Similar conditions can be found in related systems, like surfactin (SrfA-A to -C) (7) or fengycin (Pps1 to -5 and FenA to -D) (46) , in which the first amino acid of the product peptide is acylated with a fatty acid. Together, these findings reflect the fact that the first C domain of each of these systems is responsible for the linking of a fatty acid instead of a peptidyl moiety to an amino acid.
These data are in perfect agreement with the primary structure of lichenysins, a group of homologous lipoheptapeptides with alterations of the amino acid composition in defined positions: 1, Glx; 5, Asx; and 7, Ile/Leu/Val (Table 1) . For other peptide synthetase systems, a strong colinearity between the amino acid sequence of the product peptide and the order of amino acid-incorporating modules within the synthetases was demonstrated (20, 25, 28) . Therefore we were particularly interested in analyzing the substrate specificities of recombinant A domains corresponding to the first (LicA1-A), fifth (LicB2-A), and seventh (LicC) positions. In relation to the obtained amino acid-dependent activation patterns of the three recombinant A domains, we propose that the lichenysin synthetases (LicA to -C) reported here are responsible for the production of a lipoheptapeptide variant of the following sequence:
A lichenysin with this specific amino acid sequence has not yet been described, although the predicted structure most closely resembles that of surfactant 86 (15) . However, in the case of surfactant 86 it is still unclear which amino acids are incorporated in the first and fifth positions (Gln/Asp or Glu/Asn). Thus, we designated the predicted product of the lichenysin synthetase LicA as lichenysin D (Table 1) .
Variations at defined positions involving hydrophobic amino acids (Ile/Leu/Val), like those reported for lichenysins, were also described for many other nonribosomally synthesized peptides, like surfactin (2), esperin (45) , bacitracin (44) , tyrocidine (12) , cyclosporine (22) , and enniatin (33) . Previously, it has been shown that nutrient conditions can affect the composition of the product peptide, either in vivo by adding certain amino acids to the medium or in vitro in cell-free systems with arbitrarily chosen substrate concentrations. Indeed, most nonribo- somally synthesized peptides represent mixtures of several compounds. In the case of lichenysins, the diversity in the last amino acid position can presumably be related to the observed relaxed substrate specificity of the corresponding A domain (LicC-A), which, besides Ile, also activates Leu and Val to a lesser extent. Therefore, it is reasonable that single mutations during evolutionary processes within these domains slightly shifted their amino acid preferences, resulting in the observed strain-specific alterations of Ile, Leu, and Val at the seventh position of lichenysins. Indeed several A domains most related to the sequence of LicC (Fig. 4) show similar relaxed specificity towards Ile, Val, Leu, or Ala (2).
In addition to alterations of hydrophobic amino acids, exchanges of Gln and Glu or Asn and Asp were described for numerous nonribosomally synthesized peptides, such as plipastatin and fengycin (29, 50) , iturin A and C (32, 34) , and bacillomycin L, D, and F (Table 1) (3, 27, 31) . By determining the substrate specificity of LicA1-A and LicB2-A, we were able to show that these domains are highly specific and have no side specificity towards Glu and Asn, respectively. Analogous results have already been reported for the recombinant A domains of TycC1 (Asn) and TycC2 (Gln) (28) . Also, sequence comparisons reveal (at least for several Gln-and Glu-specific A domains) remarkable identities of up to 80% between PpsD2 and FenA2 and 65% between SrfA-A1 and LicA1 (Fig.  4) . Recently, the crystal structure of the GrsA adenylation domain, with its substrates L-Phe and AMP, was solved at a resolution of 1.9 Å, defining the residues involved in substrate recognition and the locations of the highly conserved core sequences in the superfamily of adenylate-forming enzymes (6) . Due to the high conservation of A domains, we conclude that the residues of the binding pocket attached to the substrate amino acid as shown for GrsA-Phe are located within an approximately 180-amino-acid region located between the core sequences A3 and A6 (25) . This fairly heterologous region within otherwise highly conserved adenylation domains seems to be the substrate-determining segment.
For the Asp-specific A domain of SrfA-B2, it was shown that a single mutation (His738Glu) in this region is sufficient to alter the specificity to Asn completely (41) . We therefore suppose that only a few amino acid substitutions within Glu-and Asp-specific domains are responsible for the conversion of specificity to Gln and Asn, respectively, even if the Asn-and Asp-specific A domains described so far may have evolved independently (Fig. 4) . In conclusion, it is reasonable that lichenysin biosynthesis operons for all lichenysin isoforms have emerged from the same origin. Alterations in the primary peptide sequence may be due to slight evolution-dependent strain-specific mutations.
In this context, it is remarkable that LicA and LchAA, although they are up to 97% identical, seem to be responsible for the incorporation of different amino acids in the first position: LicA specifically activates Gln, whereas LchAA is thought to incorporate Glu into its product peptide (51) . If the corresponding substrate-determining regions between the core sequences A3 and A6 (25) of LicA1 and LchAA1 are aligned with each other, only two amino acid substitutions can be detected (Gly773 and Ala773 and Asn795 and Gly795 in LicA1 and LchAA1, respectively). On the basis of these two varying residues, it is not possible to formulate an obvious and conclusive rule which could explain how the two enzymes distinguish between Glu and Gln. Therefore, it remains unknown if additional mechanisms in vivo could be responsible for the conversion of Gln to Glu in the peptide product or if Gln and Asp are eventually incorporated in lichenysin A rather than Glu and Asn.
